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Summary
Plant development is highly responsive to ambient tempera-
ture, and this trait has been linked to the ability of plants to
adapt to climate change [1]. The mechanisms by which nat-
ural populations modulate their thermoresponsiveness are
not known [2]. To address this, we surveyed Arabidopsis ac-
cessions for variation in thermal responsiveness of elonga-
tion growth andmapped the corresponding loci.We find that
the transcriptional regulator EARLY FLOWERING3 (ELF3)
controls elongation growth in response to temperature.
Through a combination of modeling and experiments, we
show that high temperature relieves the gating of growth at
night, highlighting the importance of temperature-depen-
dent repressors of growth. ELF3 gating of transcriptional
targets responds rapidly and reversibly to changes in tem-
perature. We show that the binding of ELF3 to target pro-
moters is temperature dependent, suggesting a mechanism
where temperature directly controls ELF3 activity.Results and Discussion
Plants are sensitive to small differences in temperature, and
the phenology and distribution of wild plants has already
been altered by climate change [1]. The ability of species to
survive climate change is linked to their capacity to adjust
their development in response to temperature, resulting in
phylogenetic patterns of species loss [2]. To understand how
warm temperature influences the day-night growth cycle, we
analyzed thermoresponsive elongation growth in Arabidopsis.
At 27C, plants have increased levels of the phytohormone
auxin, which triggers hypocotyl elongation [3] (Figure 1A).
This is controlled by the bHLH transcription factor
PHYTOCHROME INTERACTING FACTOR4 (PIF4) [3–5]. As ex-
pected, elongation growth at 22C is gated (Figure 1B),6Present address: Department of Biology, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA
7Present address: Cell and Developmental Biology, John Innes Centre,
Norwich Research Park, Norwich NR4 7UH, UK
*Correspondence: philip.wigge@slcu.cam.ac.ukoccurring just before dawn [6, 7]. At 27C the maximal growth
rate is about twice that of 22C, and growth occurs throughout
the first night following germination, with peaks at dusk and
dawn in subsequent nights [8] (Figure 1B). Light-mediated
growth repression is maintained at 27C, indicating that the
thermoresponsive growth pathway acts by relieving nighttime
growth repression.
To identify natural variation in this trait, we analyzed ther-
moresponsive elongation growth for 19 Arabidopsis natural
accessions from awide geographic range (theMAGIC parental
lines [9]). Within these accessions, warmer temperatures
cause large differences in hypocotyl length, indicating signifi-
cant genetic variation in this trait (Figure 1C). Columbia-0
(Col-0) is one of the less-responsive genotypes in this
collection, showing robust growth repression at 22C. To un-
derstand this genetic variation in more detail, we surveyed
thermoresponsive growth within the MAGIC RIL population,
which has been derived by intercrossing the 19 MAGIC
parents [9]. This revealed highly heritable transgressive
segregation, indicating that multiple genes interact in these
backgrounds and contribute to this trait (Figure 1D; Table S1
available online).
Hypocotyl length data at different temperatures (Figure 1D),
as well as thermal responsiveness values obtained from pair-
wise subtractive comparisons and fitting a multivariate model,
were used to map QTLs. This enabled us to identify genetic in-
teractions for hypocotyl length at each individual temperature
as well as determine if there are QTLs responsible for variation
in responsiveness to temperature. In total, seven QTLs were
detected across the three temperatures (Figures 1E and S1;
Table S2).
Three major QTLs accounting for a significant proportion of
the observed phenotypic variation (Figure 1E; Table S2) were
mapped to intervals containing an overrepresentation of genes
involved in gating hypocotyl elongation in response to environ-
mental and endogenous cues including PHYTOCHROME B
(PHYB), PHYTOCHROME E (PHYE), EARLY FLOWERING 3
(ELF3), and LUX ARRHYTHMO (LUX). Strikingly, the QTL on
chromosome 2 (HL22.2), containing ELF3 as a candidate, is
temperature dependent, disappearing at 27C, suggesting
that the locus is involved in a gene-by-environment interaction.
We estimated founder allele effects via multiple imputation
in R/happy [9] for the QTL for hypocotyl length variation at
22C on chromosomes 2 and 3. This allowed us to quantita-
tively estimate the contribution of alleles from each MAGIC
parent to the observed QTL (Figures 2A and S2). By this
method we identified MAGIC parents Catania-1 (Ct-1),
Nossen-0 (No-0), San Feliu-2 (Sf-2), Tsushima-0 (Tsu-0), and
Zurich-0 (Zu-0) as significant contributors to the QTL contain-
ing the candidate genes PHYB, ELF3, and LUX and quantita-
tively estimated the relative strength of each allele with respect
to hypocotyl length in each parental line.
Since ELF3 and LUX encode components of the Evening
Complex (EC), which gates hypocotyl elongation [10–13], we
sought to determine if they were the genes underlying the
QTL. The EC is a complex containing the proteins ELF3,
LUX, and EARLY FLOWERING 4 (ELF4), that is required for
circadian clock function in continuous light [14, 15]. We there-
fore tested a selection of the MAGIC parental lines for
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Figure 1. Warm Temperature Results in Greater Nighttime Growth, and There Is Considerable Natural Variation in this Trait
(A) Hypocotyl length of Col-0 at the end of an infrared (IR) imaging period at 22C and 27C, also see (B). Data plotted are mean 6 SD, n = 8.
(B) Differentiated growth rate of Col-0 at 22C and 27C derived from IR imaging. Inset, image of 5-day-old Col-0 seedlings grown in SD at 22C and 27C
after 48 hr germination at 22C. Image taken at the end of the IR time course in (B). Data plotted are mean 6 SD, n = 8.
(C) Natural variation in hypocotyl length in MAGIC parental lines at 12C, 22C, and 27C. Data plotted are mean 6 SD, n = 40. Abbreviations: Burren-0
(Bur-0), Canary-0 (Can-0), Columbia (Col-0), Catania-1 (Ct-1), Edinburgh-0 (Edi-0), Hilversum-0 (Hi-0), Kaunas-0 (Kn-0), Landsberg erecta-0 (Ler-0),
Martuba-0 (Mt-0), Nossen-0 (No-0), Oystese-0 (Oy-0), Poppelsdorf-0 (Po-0), Rschew-0 (Rsch-0), San Feliu-2 (Sf-2), Tsushima (Tsu-0), Wilna-2 (Wil-2),
Wassilewskija-0 (Ws-0), Wurzburg-0 (Wu-0), Zurich-0 (Zu-0).
(D) Density plot of hypocotyl length in MAGIC lines at 12C, 22C, and 27C showing transgressive segregation. Colored triangles indicate the phenotypic
range of hypocotyl length in MAGIC parents.
(E) Interval mapping QTL plot with permutation-derived genome-wide significance threshold. Names of QTLs correspond to those in Table S2. Tick marks
indicate marker positions. Additional complementary QTL mapping data are shown in Figure S1.
195circadian function. Consistent with these accessions having
altered EC function, some of the major parental lines contrib-
uting to the ELF3 and LUX QTL have less robust circadian
rhythms as indicated by their relative amplitude error (RAE;
Figures 2B and S2). For example, Sf-2, which is a major
contributing parent to the chromosome 2 QTL at 22C
(HL22.2), has one of the least rhythmic clocks in this assay
and is predicted to carry a weak allele of ELF3 in our allele
effect estimates (Figure 2A).
To test if these candidate genes are involved in thermores-
ponsiveness, we tested the allele effect estimates directly by
selecting a representative range of parental lines predicted
to have different strengths of PHYB, ELF3, and LUX alleles
and carried out quantitative complementation crosses to the
null alleles phyb-9, elf3-1, and lux-4. While the long hypocotyl
phenotypes of these parental lines are rescued in the F1 of the
Col-0 crosses, F1 of the MAGIC parent crosses with phyb-9,
elf3-1, and lux-4mutants shows quantitative rescue that corre-
sponds with the predicted allele effect estimates in the range
of parental lines tested (Figures 2A and 2C). Moreover, they
are unable to rescue the long hypocotyl response in the F1
of Sf-2 and Ct-1, indicating that these genes contribute signif-
icantly to the phenotypes we observe (Figure 2C), and that the
presence of a Col-0 copy of ELF3 is sufficient to rescue the
chromosome 2 QTL, while Col-0 LUX rescues the chromo-
some 3 QTL. This is consistent with a recent study which
also linked ELF3 and LUX activity to thermoresponsive growth
[16]. We tested for genome-wide interactions between ourQTLs and find no evidence for epistasis, suggesting that the
result of our quantitative complementation crosses most
likely reflects allelic variation (Supplemental Experimental
Procedures).
As the accessions Sf-2, Tsu-0, and Ct-1 show greater ther-
moresponsive growth, we examined the growth dynamics of
these accessions at 22C. Consistent with their warm temper-
ature phenotype, all these backgrounds show significantly
higher nighttime growth rates compared to Col-0 (Figures 2D
and S2). Since the thermoresponsive behavior of the acces-
sions Sf-2, Tsu-0, and Ct-1 can be rescued by providing
ELF3 and LUX from Col-0, we tested the thermoresponsive
growth of elf3-1 and lux-4. At 22C, both these backgrounds
show enhanced growth early in the evening, while daytime
growth repression is maintained (Figures 2E, 2F, and S2).
While lux-4 growth retains thermoresponsiveness, the growth
dynamics of elf3-1 at 22C are similar to Col-0 at 27C. Indeed,
elf3-1 shows very little difference in its growth dynamics be-
tween 22C and 27C, suggesting it has a constitutive warm
temperature response at 22C (Figure 2E).
As warm temperature signals relieve growth repression, and
this is modulated by variation in ELF3 and LUX, we sought to
determine where in the pathway temperature information is in-
tegrated. To assay the activity of the temperature-dependent
growth repression pathway we examined the expression of
PIF4, since this gene is necessary and sufficient for thermores-
ponsiveness [4, 17]. In Col-0 there is a characteristic gating of
PIF4 expression at 22C, with a peak of expression occurring
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Figure 2. Natural Variation in Thermoresponsive Growth Is Rescued by
ELF3 and LUX from Col-0, while elf3-1 Has a Constitutive Warm Tempera-
ture Response
(A) Founder effect estimates of selected parents for major QTLs on chromo-
somes 2 and 3 at 22C corresponding to parents tested in quantitative
complementation analysis, see Figure 2C. Allele effect estimates for all
MAGIC parents are shown in Figure S2A.
(B) RAE and period estimates derived from delayed fluorescence (DF) data
obtained from BRASS for most of the MAGIC parents. Note Sf-2, predicted
to have a weak ELF3 allele, has the least rhythmic clock. See Figure S2B for
DF traces. Blue dots are the mean; gray dots are the individual measure-
ments from clusters of 15–20 seedlings. RAE and period estimates were
0.52, 25.9 hr for elf3-1 (n = 3/10 rhythmic samples) and 0.65, 20.9 hr for
lux-4 (n = 4/10 rhythmic samples).
(C) Quantitative complementation cross (QCC) analysis for selected MAGIC
line parents predicted to contribute most to chromosomes 2 and 3 QTLs at
22C. Compare the pattern of gold dots in the accession x mutant F1 to the
predictions in Figure 2A. Matching pattern indicates PHYB, ELF3, and LUX
are quantitative trait genes for QTL. Data plotted aremean6 SD, n = 40 from
at least two independent crosses.
(D) Growth of MAGIC parents with predicted weak alleles of ELF3 and LUX
at 22C. Accessions specifically exhibit more growth at night consistent
with weak ELF3 and/or LUX (final length and growth rate at 22C and
27C in Figure S2).
(E) Growth of elf3-1 at 22C and 27C (final length in Figure S2).
(F) Growth of lux-4 at 22C and 27C (final length in Figure S2). Data plotted
in (D)–(F) are mean 6 SD, n = 8.
196just before dawn [18]. At 27C, this peak of PIF4 expression is
increased about 2-fold (Figure 3A). A key transcriptional target
of PIF4 is ARABIDOPSIS THALIANA HOMEOBOX PROTEIN-2
(ATHB-2), which encodes a transcription factor controlling
growth regulation [19]. Using ATHB-2 expression as a proxy
for PIF4 functional activity, we find that the peak of ATHB-2
expression coincides with that of PIF4 (Figure 3B). Since the
accessions Ct-1, Sf-2, and Tsu-0 have enhanced nighttime
growth (Figure 2D), we predicted them to show greater PIF4
and ATHB-2 expression at night, which is the case (Figures
3A and 3B). Since it has been shown in the Shakdara back-
ground that mutations in ELF3 affecting nuclear localization
perturb function [20], we examined the ELF3 coding region in
Sf-2, which appears to be a weak allele. While no changes in
the ELF3 protein-coding region could be found in Sf-2
compared to Col-0 (Figure S3), the expression of ELF3 in
Sf-2 is significantly lower than Col-0 (Figure 3C). This expres-
sion difference likely accounts for the decreased ELF3 activity
in Sf-2. To determine if the thermosensory responsemight be a
consequence of temperature-dependent expression of ELF3
and LUX, we analyzed the expression of these genes at 22C
and 27C. ELF3 and ELF4 show no temperature responsive-
ness in their expression, while LUX expression actually in-
creases at higher temperatures (Figures 3C–3E and S4). The
effect of warm temperature on growth is therefore not medi-
ated through transcriptional regulation of the genes of the EC.
To understand the control of thermoresponsive growth, we
modeled the expression of PIF4 with gating by a general
repressor, R. A light-dependent repressor, P, mediates the
rapid morning shutdown of PIF4 expression. This is captured
in the equation for PIF4 production rate (Supplemental Exper-
imental Procedures). We used our expression data for PIF4
in Col-0 to parameterize this model. This revealed that
decreasing R activity at higher temperature is sufficient to ac-
count for the dynamics of expression we observe in Col-0 (Fig-
ure 4A). Since it has been proposed that warm temperature
signals aremediated by the EC [16], we simulated this scenario
in our model by assigning all the activity of R to the EC. If
the EC is solely responsible for the activity of R, setting R = 0
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Figure 3. The Thermoresponsiveness of PIF4
Expression Is Mediated by ELF3
(A) Expression of PIF4 at 22C (orange) and
27C (red).
(B) Expression of ATHB2 at 22C and 27C.
(C) Expression of ELF3 at 22C and 27C. Expres-
sion of ELF3 is significantly reduced in the Sf-2
background, but no coding sequence polymor-
phisms can be found in the Sf-2 ELF3 protein,
see Figure S3.
(D) Expression of LUX at 22C and 27C.
(E) Expression of ELF4 at 22C and 27C. See Fig-
ure S4 for further characterization of Ws-0 and
Zu-0. Data plotted are mean 6 SEM, n = 3 inde-
pendent biological experiments, each assayed
in triplicate.
197should capture the dynamics of PIF4 expression in elf3-1 and
lux-4, as these backgrounds lack a functional EC. While this
model largely recapitulates the end of night expression
observed for PIF4 in lux-4 and elf3-1, it has a poor fit with the
expression of PIF4 at the beginning and in the middle of the
night in these backgrounds (Figure 4A). This suggests that
temperature-dependent EC activity is not sufficient to account
for the growth responses we observe. We therefore reran our
simulations to capture PIF4 expression in lux-4 and elf3-1, by
modulating R while fixing all other parameters to the Col-0
values (Supplemental Experimental Procedures). Doing so
was sufficient for the models to capture the behavior of PIF4
in lux-4 and elf3-1 (Figure 4A). While EC activity is required to
maintain repression of PIF4 at both 22C and 27C, activity
of the EC itself does not appear to be responsive to tempera-
ture, since PIF4 expression in lux-4, while higher, is still ther-
moresponsive. To quantify this, we extracted the level of
repressor activity from the area under the curves for R expres-
sion, and scaled this by the median level of expression at 27Cin each background (Figures 4B and S4).
This shows that the difference in R activ-
ity in the lux-4 background between
22Cand 27C is similar to that observed
in Col-0, which is not the case for elf3-1.
Our modeling and expression data
therefore indicate that while lux-4 retains
a degree of thermoresponsiveness com-
parable to wild-type, elf3-1 does not. We
therefore conclude that ELF3 is a key
node required for transmitting tempera-
ture information to gate evening growth.
This analysis is consistent with studies
showing that elf3 mutants are unable to
integrate temperature information into
the clock [21], and ELF3 acts through
EC-dependent and -independent path-
ways [11, 22, 23].
This model indicates that ELF3 is the
key mediator of temperature signaling.
Since ELF3 is part of the circadian clock,
this role could be indirect. To test how
rapidly this system responds to warm
temperature, we performed experi-
ments at the end of a short day shifting
seedlings between 22C and 27C. To
measure ELF3 activity, we assayed
LUX expression, since this gene isdirectly transcriptionally repressed by ELF3 (Figures 3D and
4C). As seen before, plants grown at a constant 22C show a
sharp downregulation of LUX expression in the evening (Fig-
ure 4C). Conversely, at 27C, LUX expression remains higher,
reflecting reduced ELF3 activity. Plants shifted from 22C to
27C show a rapid upregulation of LUX that occurs within
2 hr. This temperature-modulated activity of ELF3 is both
rapid and reversible, since within 1 hr of being transferred
from 27C to 22C, shifted plants exhibit as much repression
of LUX as those grown at constant 22C. This transcriptional
thermoresponsiveness is controlled by ELF3, since tempera-
ture has no influence on LUX expression in elf3-1 (Figure 4C).
Taken together, our modeling and experimental results indi-
cate that while the EC is required for the general gating of
evening growth, temperature signaling is mediated by ELF3.
The rapid responsiveness of LUX expression to temperature
change suggests that temperature might directly influence
ELF3 activity. ELF3 functions in the nucleus as a transcrip-
tional repressor and has been shown to bind target gene
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Figure 4. ELF3 Rapidly and Reversibly Communicates Temperature Status Information Directly to the Promoters of Responsive Genes
(A)Modeling results forPIF4expressionat22Cand27C(orangeand red lines)comparedwithexperimental results (blackcircles; alsoseeFigure3A) indifferent
backgrounds. ForCol-0, a simple temperature-dependent repressor (R)model capturesPIF4 thermoresponsiveness. The temperature-dependent repressor is
unlikely to be the EC, since setting R = 0 does not accurately capture the behavior of PIF4 in the lux-4 background (black dashed line: R = 0). By contrast,
allowing a certain level of R activity to be retained enables the model to fit the expression data well (orange and red lines for lux-4 and elf3-1, respectively).
(B) Repressor (R) activity was quantified for the night periods in the different backgrounds and scaled for median expression ofPIF4 at 27C. Both Col-0 and
lux-4 retain thermal responsiveness, while elf3-1 does not. See Figure S4 for quantification of total repressor activity.
(C) Expression of LUX in Col-0 or elf3-1 for plants grown at constant 22C (orange), constant 27C (red), or shifted to a different temperature at the end of the
day (8 hr) prior to sampling during the subsequent night (22C–27C, orange dotted; 27C–22C, red dotted). Data plotted are mean6 SEM, n = 3 indepen-
dent biological experiments, each assayed in triplicate.
(D) Binding of ELF3 and ELF4 at target promoters by chromatin immunopurification (ChIP). Binding at the promoters of LUX,PIF4, andPRR9 in seedlings at a
constant 22Cor for plants shifted to 27Cat the end of the day (as in C) and sampled after 2 hr of darkness. Amplicons in the LUX coding regionwere used as
a negative control. Identical ChIP experiments were also performed on the untagged background (Col-0). See Figure S4 for further characterization of ChIP
lines. Data plotted are mean 6 SEM, n = 3 independent biological experiments, each assayed in triplicate.
198promoters [10, 14, 16, 24, 25]. Consistent with this, plants
shifted from 22C to 27C for just 2 hr exhibit a significant
decrease in ELF3 binding to the promoters of PRR9, LUX,
and PIF4 (Figure 4D). ELF4 has been shown to bind ELF3
[10, 13], and shows a similar trend with reduced binding at
27C for the same promoter sites. The rapid change in the
affinity of ELF3 for its targets, within 2 hr of a temperature shift,
is consistent with a model where temperature directly alters
ELF3 activity. PIF4 and ELF3 are emerging as key hubs for
integrating developmental responses to the environment
[4, 17, 20, 26, 27], and it will be interesting to see if their role
in thermoresponsiveness is conserved in crop plants.
Supplemental Information
Supplemental Information includes four figures, four tables, and Supple-
mental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.10.076.
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